The interrelation between land-use change and socioeconomic changes is complex and highly dynamic. We here present an assessment of the human appropriation of net primary production (HANPP) in Republic of South Africa (RSA) between 1961 and 2006. HANPP is an integrated socio-ecological accounting framework that traces changes in ecosystems resulting from anthropogenic activities (harvest and land conversions) and allows to study ecological, social and economic driving forces and constraints of long-term land-use changes. We use South Africa, with its history of the rise and collapse of the Apartheid regime, as an example for an analysis of HANPP trajectories in the background of major governance shifts, and base our analysis on the best available statistical datasets, specific analyses and model results. Surprisingly, land cover as well as HANPP in the RSA remained relatively constant between 1961 and 2006, with HANPP values oscillating between 21 and 25% and of the potential NPP. However, through our analysis of the components of HANPP and their interrelations, striking turning points throughout the last five decades become evident. This allows us to discern three distinct periods, each of the phases characterized by distinct HANPP trajectories. Throughout the entire period, a trend of decoupling of HANPP from population growth could be achieved through considerable gains in land-use efficiency. The HANPP analysis reveals that this prevailing trend of increasing land-use efficiency, based on technological improvements and biomass trade, came to a halt in the 'crisis' phase and immediately recovered afterwards.
Introduction
Land-use change and socioeconomic change are intrinsically interlinked. By using the land, societies alter ecological structures and processes in order to optimize the provision of goods and services by ecosystems. The resulting changes in ecosystems require adequate social responses, such as altered management schemes, in order to warrant the continuous provision of services and to avoid detrimental ecological effects. This interplay between socioeconomic drivers, pressures, changes in ecological states and impacts is highly dynamic and complex (Liu et al. 2007; Turner et al. 2007; Liverman and Cuesta 2008) and motivated scholars to call for integrated, interdisciplinary perspectives for studying the various aspects of the land system and their change over time (Rindfuss et al. 2004; GLP 2005; Turner et al. 2007) .
Empirical information on the complex interactions and feedbacks driving the land system is essential to improve the understanding of trajectories and the underlying mechanisms and constraints of changes in the land system, as well as their relation to sustainable development (Ostrom et al. 2007) . As sustainability problems relate to problems of society-nature interactions (Haberl et al. 2004a) , accounting systems are required that allow to consistently observe, quantify and monitor interactions between societies and their natural environment. Many such indicator systems have been proposed, focussing on the quantification and evaluation of the interplay between socioeconomic management, ecosystem services or the associated social or ecological impacts, for example on biodiversity (see, e.g. Haberl et al. 2004b; GLP 2005; Millennium Ecosystem Assessment 2005; Hák and al 2007) .
In this context, the indicator framework Human Appropriation of Net Primary Production (HANPP; Vitousek et al. 1986; Wright 1990; Erb et al. 2007 Erb et al. , 2009b Haberl et al. 2007 ) received some attention as a biophysical indicator of strong sustainability (MartinezAlier 1998 (MartinezAlier , 1999 Krausmann et al. 2004; Foley et al. 2007; Erb et al. 2009b) . HANPP focuses on a key variable of the coupled socio-ecological system: the annual flow of biomass, which is a central parameter for ecosystem functioning (Lindeman 1942) as well as an essential resource of socioeconomic systems, providing the basis of food and feed (Ayres 2007) , and representing a key component of the global socioeconomic energy system (Smil 2005) .
HANPP quantifies and integrates the effects of two interlinked processes in one account ( Fig. 1) : (a) Modifications of NPP due to land conversions, for example by converting forested ecosystems into arable land. This component of HANPP is denoted as DNPP lc (change in NPP resulting from land conversion) and is calculated as the difference between the NPP of potential vegetation (Tüxen 1956 ) and the NPP of the currently prevailing vegetation (NPP act ). (b) The amount of biomass extracted or destroyed by human activities, for example through biomass harvest or grazing of livestock, denoted as NPP h . Thus, HANPP is a metric for human-induced changes in the yearly availability of trophic energy in the ecosystems and can be used as an indicator of land-use intensity (Haberl 1997; Haberl et al. 2007) . HANPP analyses allow to integrate socioeconomic (harvest of biomass and collateral flows) and ecological perspectives (changes in energy availability in ecosystems) and allow to assess the scope of human action or the scale of the human domination of ecosystems (Vitousek 1997) .
However, the concept of HANPP alone is not sufficient for analysing the complex and manifold changes and trajectories in socio-ecological systems, as it only focuses on a limited amount of variables and is centred around the question of 'domestic extraction', that is the domestic use of ecosystems, which does not allow to straightforwardly link land-use changes to for example consumption of biomass products, a major driver of land-use change (Erb et al. 2009a; Krausmann et al. 2009b) . Nevertheless, HANPP focuses on a key variable of both ecological and socioeconomic systems that renders it a useful starting point of socio-ecological analyses .
This study applies the HANPP concept as a means for empirically analysing land system change in the background of the socio-economic and political environment of South Africa from 1961 to 2005. We aim at providing a socio-ecological analysis of the mechanisms and constraints underlying land system change. In this context, we use the HANPP framework as a starting point and complement this analysis with information and data on the changes in other, non-HANPP-related aspects of the South African socio-ecological system. By integrating an empirical HANPP assessment with socio-economic and political information, we aim to outline an integrated perception of the trajectories in the socio-ecological system that allows us to gain insights into patterns and drivers of land system change in this country.
The Republic of South Africa (RSA) is particularly suited as an exemplary case study, because it is characterized by a well-known, complex political history: The period between 1961 and 2006 encompasses globally ongoing trends such as agricultural modernization (De Klerk 1984) and increasing embeddedness in global markets. Moreover, in the last 45 years, South Africa has undergone a steep growth of its population, which tripled during this period (FAO 2010) . It also underwent a severe economic and social crisis during the Apartheid regime, which ended in political collapse and resulted in democratic re-organizations after 1990 (Von Maltitz and Scholes 1995; Attridge and Jolly 1998; Kirsten et al. 2007; Coulibaly 2009) .
At the same time, almost all of the South African ecosystems have been exposed to human land use. Almost the entire landscape can be considered as grazed by Fig. 1 Definition of HANPP. HANPP is defined the sum of land-useinduced NPP changes (DNPP lc ) and human harvest (NPP h ), or as the difference between potential NPP (NPP 0 ) and the amount of NPP that remains in ecosystems after human harvest (NPP t ) domestic livestock, and large areas of highly productive grasslands have been transformed into cropland, which, together with unsustainable land-use practices places pressure on the intactness of the prevalent savannah ecosystems (Von Maltitz and Scholes 1995) . All this renders the RSA an interesting case for empirically studying the interrelations between land-use change and socioeconomic change.
Materials and methods
For the assessment of HANPP in a decadal time series, we here follow the definition proposed by Haberl et al. (2007) and Erb et al. (2009b) . In this definition, HANPP is calculated as the sum of harvested biomass (NPP h ) plus the amount of biomass appropriated through alterations in productivity due to anthropogenic land use (DNPP lc ; see Fig. 1 ). As data availability is limited, we here only calculate and model above-ground fractions of HANPP. In consequence, we denote our results with the prefix 'a' (e.g. aHANPP, aNPP 0 , etc.).
We collected additional datasets for the socio-ecological analysis, comprising information on population growth, international trade of agricultural and forestry products, the degree of agricultural intensification and modernization (e.g. fertilizer inputs and agricultural yields) and GDP development. For all these variables, time series from 1961 to 2006 were compiled by making use of the FAO statistical database (2010) and the world development indicator database (World Bank 2010) .
The empirical part of this study relies on data sets that have been compiled for the entire country at yearly intervals from 1961 to 2006. Data sets on land cover/land use, biomass harvest (aNPP h ), potential net primary productivity (aNPP 0 ), productivity changes due to human intervention (DaNPP lc ) and actually prevailing net primary productivity (aNPP act ) were established in order to assess HANPP. Primary data are based on national and international statistical records (including data on land use and crop harvest), as well as on the output of the dynamic vegetation model LPJ (Sitch et al. 2003; Bondeau et al. 2007; Haberl et al. 2007 ) for the assessment of the aNPP of potential vegetation. Many data were assessed on the grounds of both, country-specific primary data and generic data or assumptions, such as crop-straw ratios, feed demand of livestock, or pre-harvest loss factors. The yearly biomass flows were assessed in tons of carbon per year (tC/year), assuming a fraction of 50% carbon in dry biomass. The different components of the data set are shortly described below, detailed information on data sources and methods used are presented in the electronic supplementary material (ESM).
Land cover/land use
Yearly data on land cover/land use are a key requirement for HANPP time series assessments. Unfortunately, detailed information on land-cover/land-use change in the RSA is not readily available. Therefore, a mixed approach was chosen, combining the use of primary data and with modelling assumptions. First, a consistent set of 13 landuse/land-cover classes was established which differ in terms of their typical NPP. These classes can be aggregated to five land-use types (Table 1) .
Harvest (aNPP h )
In our definition, biomass harvest on cultivated areas consists of the total above-ground biomass of annual crops (which includes primary crop harvest, recovered and unrecovered crop residues), permanent crops (e.g. primary crop harvest and annual increment) and grazed biomass on fallow land. Data for these items were extracted from the datasets for cultivated land quoted in Table 1 . A detailed documentation of methods and data sources is available in the electronic supplementary material (ESM).
No statistics exist for the amount of annually grazed biomass. Thus, grazed biomass was calculated as the difference between feed demand and feed supply on an annual basis (Krausmann et al. 2008) . Feed demand was calculated as a function of animal produce, and market feed supply was derived from statistics. The amount of nonmarket feed was calculated by subtraction ('grazing gap'). For the HANPP calculation, the amount of grazing was then assigned to different land-use/land-cover categories following the allocation in Table 1 , assuming that the share of grazing consumed on different land-use/land-cover classes depends on the extent and the potential of aboveground biomass production of these categories. Assumptions on grazing potential of landscapes most severely affected by grazing could be made through the grazingcapacity map (Agriculture Research Council-Institute for Soil Agriculture Maps of South Africa) and spatially explicit data on livestock densities (FAO 2007) .
Harvest in forestry was calculated as the sum of wood removals reported in the national statistics and felling losses; the latter was assessed by applying wood-specific recovery rates (see ESM). Roundwood is assumed to be extracted from closed forests only.
In contrast, harvest of fuelwood can almost exclusively be assigned to open forests and thicket and bushland. No annual statistics on the amount of fuelwood extraction are available for the RSA, and different assumptions can be found in the literate (Gandar 1983; Banks et al. 1996; DME 1996; Williams and Shackleton 2002) . In line with Williams and Shackleton (2002) , we applied a constant per person demand of 0.12 tC/cap/year to calculate fuelwood demand for the whole period.
Harvest on settlement areas, for example through gardening work and park or infrastructure maintenance, was assumed to be 50% of aNPP act of these areas (Haberl et al. 2007) .
The amount of above-ground biomass appropriated through human-induced fires would represent a further aNPP h category (Lauk and Erb 2009), but was not included in the assessment, due to a lack of data and contradictory notions in the literature: human activities might have resulted in increases (spread of clearing fires) or decreases (fire prevention) of biomass flows related to human-induced vegetation fires (Erb et al. 2009b; Lauk and Erb 2009 ).
Ecosystem productivity (aNPP 0 , aNPP act and DaNPP lc )
Data on the time series of potential above-ground net primary production (aNPP 0 ) were taken from unpublished material of the global HANPP study for the year 2000 (Haberl et al. 2007 ). These data are based on a model output of the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM; (Sitch et al. 2003) with an improved representation of hydrology (Gerten et al. 2004 ), using 100-year climate time series as input variables. For the aNPP0 time series, we calculated 5-year averages for each time step in order to eliminate fluctuations in the dataset. For further details on the land-use/land-coverspecific picture of NPP 0 , see the ESM.
The amount of NPP in the actually prevailing vegetation (aNPP act ) was calculated the following way. For cropland, the total above-ground NPP was calculated by applying an expansion factor (of 1.33) to the NPP h data in order to calculate the amount of pre-harvest losses (e.g. losses due to herbivory). ANPP act of settlement areas was assumed to be one-third of aNPP 0 . ANPP act of fallow cropland, closed forests and unused/unproductive land was assumed to be identical to aNPP 0 (i.e. DNPP lc was assumed to be zero on these land-use types; Haberl et al. 2007) .
A particularly relevant component of DaNPPlc are NPP reductions losses due to soil degradation (Zika and Erb 2009) . Soil degradation in South Africa is controversially discussed. Several studies consider land degradation a substantial factor for the decline in productivity in South African ecosystems (Hoffman and Ashwell 1999; Bai and Dent 2007) . Other authors confirm that human land use, such as overgrazing, plays a crucial role in putting pressure on the intactness of ecosystems, but simultaneously no major decrease in ecosystem functions could be detected in the past for several study sites mapped as degraded (Wessels et al. 2004; Palmer and Ainslie 2007) . Older accounts of soil degradation assert South Africa to be severely affected (Oldeman 1988) , assumptions that have meanwhile been revised (JRC 2003) . The NLC 1995 (Fairbanks et al. 2000) provides information on the extent of degraded areas per land-cover type. Degraded areas are defined as areas suffering from severe vegetation cover and productivity loss compared to their surrounding areas (Fairbanks et al. 2000) . On the basis of a study on soil degradation in drylands using this information (Zika and Erb 2009 ), we assume that areas suffering from severe degradation (degree 3 and 4) experience a mean productivity loss of 56% of aNPP 0 . We thus apply a DaNPP lc level of 56% of the original aNPP 0 for areas mapped as degraded in the NLC 1995. Unfortunately, no datasets or appropriate methods are available that would allow to infer the dynamics of soil degradation-induced NPP losses appropriately in a 45-year time series, neither on the changes in extent nor on changes in the degree of degradation. Thus, in our approximation, we consider degradation-induced DaNPP lc /m 2 on all land classes used for grazing and on open forests (which are also subjected to human-induced degradation; Fairbanks et al. 2000) constant over the whole period under investigation. As a result, it is important to note that the effect of soil degradation in the RSA remains only roughly addressed in this HANPP study.
Data integration
In a next step, we integrate the findings of the HANPP assessment with information on socio-economic developments, such as political shifts, population growth, GDP and trade developments recorded for the RSA in the investigated time span. We develop a socio-ecological time line that covers the whole period under investigation and allows to identify interrelations between different developments in the socio-ecological system of South Africa. Figure 2 illustrates changes in land use and land cover in the RSA between 1961 and 2006. Throughout the entire time period, land not used for forestry, for cultivation, for settlement, and land not identified as unused/unproductive dominated the land surface, making up between 72 and 76% of total land area. This land bears ecosystems like savannahs, semi-deserts and grasslands, and most of this land is used for grazing, although sometimes very extensively ; therefore, we denoted it grazing land). Cultivated land was the second most important landuse category, followed by forest land. Unused/unproductive land and settlement areas were of minor importance in terms of land-use extent.
Results

HANPP
Cropland expansion and decline, the spread of settlement areas and the spread of forest plantations had the strongest effects on land-use/land-cover change in South Africa in the observed period. However, the relatively small share of these land-use types (around 12% in most years), as well as the low rates of change, resulted in relatively stable land-cover conditions throughout the time period. In 1988, the sum of settlement areas, cultivated land and forest plantations peaked at almost 16% of the total land area, mainly due to expanding cropland. Grassland was the land-cover class that exhibited the most pronounced changes. In the period from 1961 to 1988, grassland areas declined from 270,000 to 250,000 km 2 , mainly due to the expansion of cultivated areas. Due to a decrease in cultivated areas from 1988 onwards, grassland reached the initial level of 1961 again in recent years, with values around 270,000 km 2 . All other land-cover classes only show slight changes in area extent. Figure 3 displays the development of the different HANPP components over time, the three components aNPP t , DaNPP lc and aNPP h summing up to aNPP 0 . According to the results of the LPJ global dynamic vegetation model, total aNPP 0 (the potential above-ground net primary productivity) shows a pronounced dynamic over the investigated time period. It declined from 304 to 288 million tons carbon per year (MtC/year) over the entire period between 1961 and 2006, with a decrease in the first decade, a steep increase until the year 2000, and a decline afterwards. In the year 2000, aNPP 0 peaked at 379 MtC/ year. This high value can be attributed to unusual high precipitation on large areas of Northern and Eastern South Africa, which boosted productivity of many ecosystems. This period was followed by a much drier period (Laing 1994; Dyson and Van Heerden 2001; Alexander 2002; Rouault and Richard 2005 ) that resulted in a steady decline in aNPP 0 after 2000. However, as the HANPP approach we follow here is optimized in assessing differences between aNPP0 and single HANPP components, this data uncertainty of NPP 0 is to a large extent cancelled out in the aHANPP assessment. As a result, aNPP t closely follows the aNPP 0 trend, and HANPP, expressed in % of NPP 0 , does not show this particular pattern. The development of aNPP h and DaNPP lc was not very pronounced over the last four decades, it remained at levels of around 41-53 mio tC/year (around 15% of aNPP 0 ) and 20-32 mio tC/year (around 10% of aNPP 0 ), respectively. In consequences, aHANPP fluctuated between 21 and 25% over the whole period under investigation, with a minimum around the year 2000, which is a result of extraordinarily high productivity levels in this year.
Biomass extraction through anthropogenic harvest (aNPP h ) rose by 28% between 1961 and 2006, from around 40 mio tC/year to more than 51 mio tC/year (Fig. 4a) . A peak of 46 mio tC/year was observed in 1978, which was the result of above average production on cultivated land. Harvest on cultivated land contributes the lion's share to total harvest; it increased continuously from 15 mio tC/year in 1961 to around 27 mio tC/year (41% of total aNPP h ) in 1978 with a decline until 1984 and a slight rise afterwards. Due to a smaller share of crop residues, market feed and non-market feed (fodder crops) to total feed supply, the amount of grazed biomass was higher in the 1960s, compared to the following decades. Declining amounts of grazed biomass per year can also be interpreted as the result of rising commercialisation and modernisation of the livestock industry, associated with gains in inputoutput efficiency. From the mid-1980s onwards, grazing increased again. Harvest on forest land increased from around 4 MtC/year in 1961 to around 10 MtC/year in 2006.
Harvest per square metre of cultivated land increased from 130 gC/m 2 /year in 1961 to around 210 MtC/year at the end of the investigated time period (Fig. 4b) . A peak of 200 gC/m 2 /year was observed in 1979, followed by a drastic decline afterwards. Harvest per m 2 of forest land continuously rose from 60 gC/m 2 /year in 1961 to around 140 gC/ m 2 /year in 1997 and slightly declined afterwards (Fig. 4b) . Dynamics of grazing land are much smaller, with values remaining between 13 and 21 gC/m 2 /year. Harvest on settlement areas continuously rose from 30 to 34 gC/m 2 /year. Much more pronounced was the development of DaNPP lc in the period of regard (Fig. 4c) 2 /year, with a steep decline after 1998. As noted in the method section, DaNPP lc /m 2 due to soil degradation (accounted for in the various categories of grazing land forest land) was assumed to be constant. Therefore, forest land and grazing land remained at steady levels of around 20 and 12 gC/m 2 /year respectively throughout the whole period under investigation.
Socio-ecological analysis
Scrutinizing the patterns of HANPP, three different phases of development can be distinguished. These phases appear to be well in line with major periods of socioeconomic and political development in the RSA. We define these periods in their chronological order as 'Green Revolution', 'economic and political crisis' and 'democratic opening'. Figure presents a synoptic view on the developments of various socio-ecological parameters. This allows for studying the incidence of shifts of aHANPP and its parameters with socio-economic developments and milestones. All the findings discussed below have to be considered in the light of an enormous increase of societal biomass demand, driven by an almost threefold population growth from 18 to 49 million people in the observed time period (FAO 2010).
Green revolution
The first 'Green Revolution' period between 1961 and 1980 was characterized by growth of agricultural productivity, due to fast modernization of cultivation practices. State subsidies on the cultivation of land (Kirsten et al. 2007 ) allowed for an expansion of cultivated land into marginal areas and for increasing agricultural output per unit of cropped area (FAO 2005) . This led to an increasing share of biomass harvest (aNPPh) to total aHANPP and a simultaneous decrease in the share of DaNPPlc, resulting in a moderate rise in land-use efficiency until 1978 (Fig. 5a ). The rise in average crop yields (Fig. 5c) can be attributed to the accelerating intensity of agricultural land use. Annual fluctuations in crop yields can be attributed to climatic variability as well (Rouault and Richard 2005) . Consumption of fertilizers per land unit (Fig. 5c ) was about five times higher in the late 1970s than in 1961. The use of agricultural machinery increased considerably, thus replacing draft animals for agricultural purposes to a large extent (not displayed in the figure). In the late 1960s, the introduction of combined harvesters triggered a decrease in demand for agricultural labour and thus reduced the number of farm employees from the mid 1970s onwards (Kirsten et al. 2007) .
In this phase of agricultural and economic growth, the nutritional situation of the South African population improved significantly (not shown). Kcal/cap/day intake of vegetable and animal products increased from 2,800 to 3,000 kcal in the mid 1970s (own calculations; FAO 2010, Fig. 5b ), accompanied with a transition towards more protein-and fat-based alimentation (Bourne et al. 2002) .
The major economic positions of the Apartheid regime, economic independency and antitrade strategy, were pursued by a complex system of import substitution and export taxation (Kirsten et al. 2007) . During the 1960 and 1970s, South Africa was an exporting country of forestry and agricultural biomass, while imports remained at very low levels (Fig. 5d) . Annual GDP growth rates, extremely high at the beginning of the period, started to decline from the early 1970s onwards and by 1976, the economy moved into a state of recession with annual growth rates below 1 per cent (Kirsten et al. 2007) . In this period, the share of agriculture to GDP declined from 12% in 1961 to 6% in 1978 (Fig. 5c ), values that can be found in countries of the Industrial world, indicating a period of strong agricultural modernization and the development of off-farm employment.
Political and economic crisis
In 1980, the period of agricultural growth was brought to an immediate halt, and a period of instability and complex fluctuations followed until 1995 (Fig. 5) . ANPP h decreased after a peak in 1978 and simultaneously, DaNPP lc increased, resulting in a considerable drop of land-use efficiency in 1984, back to the levels of the early 1960s (Fig. 5a ). This reduction of land-use efficiency was, however, not associated with a reduction in the use of means of production. In contrast, a peak in mineral fertilizer consumption was accompanied with shrinking cropland yields (Fig. 5c) . Biomass imports started to increase in this period, and for two points in time (1982 and 1992) , the RSA turned into a net import country of biomass (Fig. 5d) . This can be interpreted as the combined effect of the steep population increase from 29 to 40 million people within this period (Fig. 5b) , and the disability of the RSA to maintain self-sufficiency at times of the two extreme drought events of 1982 and 1992 (Laing 1994; Rouault and Richard 2005) . In this phase, kcal intake per person remained at around 3,000 kcal/cap/day (own calculations; FAO 2010; Fig. 5b) .
The political crisis in the period from 1979 until 1994 (the year of the official end of Apartheid), characterised by a slow-down in economic performance (Fig. 5e) , experienced a stagnation of agricultural development which is reflected by a rise in DaNPP c and a decrease in land-use efficiency. It is argued in the literature (Kirsten et al. 2007 ) that the combination of agricultural state support and the high costs of the distortive price system of Apartheid made the agricultural sector inflexible and vulnerable, in particular from the 1980s onwards. After a peak of state support in the early 1980s, subsidies on agricultural production started to decline rapidly, as the government was no longer able to maintain the high expenditures for overregulation of the agricultural price system (Kirsten et al. 2007 ). The reduction of governmental subsidies, the removal of the rebate on diesel (Simbi and Aliber 2000) , as well as decelerated effects of the oil embargo (Levy 1999) , boosted agricultural production costs for farmers and reduced agricultural performance. This is well illustrated by the reduction in agricultural performance ( Fig. 5c ; reduction of fertilizer consumption and agricultural yields after 1981), as well as by the decrease of the area under cultivation, which began in the early 1990s (see Fig. 2 ). The share of grazing to total aHANPP increased in the crisis period; this may be attributed to a declined availability of crop residues for animal feed which was compensated by grazing (Fig. 4) .
The slowdown of agricultural performance coincided with the onset of international sanctions against the Apartheid regime. South Africa's international offside position and domestic political unrest (Ndlovu 1998; Levy 1999; Kirsten et al. 2007 ) made it an unappealing country for foreign investment (Lundahl 1984) . Economic performance slowed down considerably and GDP growth dropped to below zero in 1982. The South African debt crisis in 1985 (Michie and Padayachee 1998; Habib and Padayachee 2000) contributed to the collapse of the economic and political system in the late 1980s and to the democratic transition, starting in the early 1990s.
Democratic opening
Rising international pressure (Coulibaly 2009 ), resistance movements within the country and the economic catastrophe finally led to the 'democratic opening' in the early 1990s. The first democratic elections were overwhelmingly won by the ANC (African National Congress) in 1994. Immediately afterwards, South Africa re-entered the global market and joined the World Trade Union. The ANC committed to a neo-liberal growth strategy with new legislations on privatisation and liberalisation of the financial and trade sector as part of the GEAR strategy (Habib and Padayachee 2000) .
Analysing the development of HANPP and its components reveals that this period is characterized by resuming trajectories that prevailed in the 'green revolution' phase and characterize the development of land use also in other parts of the world, for example the UK, Spain, Austria (Krausmann et al. 2004; Schwarzlmüller 2009; Musel 2009) . A similar trajectory is described for Hungary, a country that also experienced the collapse of the economic and governance structures during the collapse of the planned economy of the socialist period (Kohlheb and Krausmann 2009) . From the mid 1990s onwards, agricultural production intensified again, inputs of mineral fertilizers as well as agricultural output per unit of cropped land increased again (Fig. 5c ). This relaxation of the economic and political crisis was accompanied with increases in GDP growth that reached a level of 3% in 1995 (e). Harvest, in particular on cropland, increased, accompanied by declining DaNPP lc , leading to increasing land-use efficiency (Fig. 5a) .
However, the continuously rising demand for agricultural products within the country, as a result of the population increases to around 49 million people in 2006 (Fig. 5b) by far, outgrew the only slightly increasing harvest levels on cropland. Thus, after a slight decline in the first years of the post-Apartheid era, imports of biomass further increase, reaching levels in 2006 around 14 times as high as in 1961 (Fig. 5c) . The Biomass exports accelerated as well, in particular of the forestry sector. Also kcal intake per person and year started to increase again shortly after the democratic opening and reached 3,300 kcal/cap/day in the year 2006 (own calculations; FAO 2010; Fig. 5b ).
The agricultural sector could not fully recover from the crisis phase: the area under crop production continued to decline further until 2006 (Fig. 2) . A reason for this can be found in the still prevailing price distortions caused by the complex trade system of Apartheid, and the insufficient programs that aimed at redistributing land and supporting rural development (Kirsten et al. 2007; Hérault and Thurlow 2009) . Furthermore, the removal of state supports on agricultural production still remained an obstacle for the development of a sufficient small holder sector (Lahiff and Cousins 2005) . New labour legislations increased the costs of agricultural employment and thus triggered a drastic decline of the number of regular farm employees after 1990 (Sparrow et al. 2008) .
Regardless of the phases of development, per capita values of aHANPP steadily declined, from 4.1 tons of Carbon per capita and year in 1961 to 1.5 tC/cap/year in 2006. This steep decrease by 60% (Fig. 5b) can be attributed to the relatively constant level of aHANPP compared to steep population growth from 18 to 49 millions of people between 1961 and 2006. Apparently, South Africa followed a different trajectory than the Philippines, where similar rates of population growth lead to steep increases of HANPP, deforestation, and triggered surges in land-use efficiency (Kastner 2009 ). However, the South African HANPP assets do not necessarily indicate that human impacts on South African ecosystems were low and did not change over the last decades, for the HANPP approach does not allow for analysing changes of biophysical conditions (e.g. ecosystem functions and biodiversity) in detail.
Discussion
Between 1961 and 2006, humans appropriated around 21-25% of the potential above-ground biomass productivity in South African ecosystems, which equals a value between 72 and 83 MtC/year. This result is low compared to the global average of 29% in the year 2000, calculated by Haberl et al. (2007) for above-ground NPP, and particularly low when compared to European, and especially Western European countries: average Western European aHANPP values are around 46.5%, and for Spain, a country also bearing dryland ecosystems, aHANPP level of 61% are found (Schwarzlmüller 2009) .
DaNPP lc values in the RSA are found to be between 7 and 11% of total aNPP 0 and are thus well in line with the global average of 5.2%. Compared with 24% in Spain, however, the South African DaNPP lc level seems rather low.
We can, however, not completely rule out an underestimation of total biomass appropriation in this study, because we strictly followed a conservative approach in the light of the many data uncertainties and thus could not assess the effects of land degradation and human-induced fires as precisely as desired. The availability of quantitative degradation data is probably better in South Africa than in other parts of the world (Zika and Erb 2009 ); however, the lack of inter-comparable historic data on degradation limited our ability to trace back DaNPPlc on grazing areas. Nevertheless, it can be concluded that the overall trends of aHANPP will not severely be affected by this underestimation: The contribution of DaNPPlc to HANPP on grazing lands remains moderate throughout the time period (14% of total aHANPP in 2000, the year with the best data availability), and the probable data uncertainties are thus unlikely to significantly alter the observed overall trends. Hence, we are confident that the conclusions we can draw out of the results for the socio-ecological analysis presented here are still reliable, and the trends and patterns of change we discerned can provide a pivotal contribution to the land system science.
In addition, data availability did not allow for tracing back biomass flows related to human-induced fires, and there is no empirical information available that would even allow to determine whether this biomass flow increased or decreased with population growth and agricultural development (Erb et al. 2009b) . This aspect of land use represents an important subject for further research in order to improve our understanding of this global sustainability challenge (Verstraete et al. 2009 ).
Although aHANPP as percentage of aNPP 0 does not show noticeable fluctuations over time, but was rather low and stagnant, this does not serve as evidence for negligible changes in the land system of the RSA. In contrast, aHANPP trajectories show some striking turning points during the last decades. These patterns become evident when calculating proportional changes of related HANPP parameters. In particular, the ratio of NPP h to DaNPP lc , which can be interpreted as an efficiency measure of land use (Erb et al. 2009b) , shows a remarkable pattern and significant fluctuations during the period under investigation. The trend in land-use efficiency is a stringent indicator for the state of the land system, which in the South African case was influenced chiefly by the political and economic circumstances in the past four decades. The growth in land-use efficiency in the 'Green Revolution' period was disrupted abruptly with the onset of the political and economic crisis of Apartheid. However, after the democratic opening, patterns of land system change exhibited similarities to the former growth period, and land-use efficiency experienced a historic increase by 66% from 1994 to 2005. This was mainly a result of declining DaNPPlc levels and rising harvest per m2 on cropland through increased fertilizer application (Fig. 5c) .
The stagnant aHANPP trend compared to the drastic surges in population and thus biomass demand is only to a small extent based on a dislocation of environmental pressures to other, distant locations of the world. Biomass imports indeed increased throughout the whole period under investigation, thus relocating aHANPP to other countries. In particular, meat imports, which imply huge embodied HANPP flows in the exporting countries (Erb et al. 2009a; Haberl et al. 2009 ), drastically accelerated until 2006 (not shown), thus reducing environmental pressure due to meat production within the country boarders. However, trade involves only modest flows compared to overall NPP h , and thus these 'problem-shifting' effects of trade only can provide a partial explanation. Analysing the effects of biomass trade on aHANPP in the RSA in detail is beyond the scope of this paper, but the empirical results call for methodologies that are able to consistently grasp this aspect of global land-use change (Erb et al. 2009a; Haberl et al. 2009; Kastner et al. 2011) . Neither can a 'pauperization', that is a decreasing provision with nutritional energy, be held responsible for this steep reduction in per capita aHANPP, as caloric intake per capita is even increasing in the period of regard (Bourne et al. 2002) (with a stagnation only in the collapse phase). This all pinpoints to increases of land use and conversion efficiencies as a major driver of the 'decoupling' between HANPP, population growth and biomass consumption in the RSA.
In order to assess the impact of human land use on South African ecosystems more precisely, the findings presented here could be considerably enriched by further research on the interrelations between our HANPP findings and the rich body of empirical research regarding natural conservation issues that has already been conducted for South Africa (Rouget et al. 2003; Scholes and Biggs 2005; VanJaarsveld et al. 2005) .
Conclusion
The consistent and stringent framework of the HANPP assessments, when consistently combined with socio-economic information, allows for empirical analyses of the mutual links between resource systems, the resources they provide and the socioeconomic system, and so allows studying drivers and impacts of technological and global environmental changes. The stringency and consistency of the HANPP framework allows generating robust insights into the interlinkages between social and ecological systems, even in the light of the large uncertainties related to some of the datasets.
Whereas land-cover changes in the RSA have not been very pronounced in the last four decades, the HANPP framework helps to detect subtle changes in the land system and provides a tool to link developments in social, political and economic factors with land system change. Examinations of the development of land-use efficiency (i.e. the ratio between overall aHANPP and harvest) vividly illustrate the effects of a political crisis on the land system. As neither shifts towards dependency on foreign land resources, nor pauperization holds as an explanation for the decline in aHANPP per person trend, this entails that noteworthy increases of biomass use efficiency are the predominant mechanism underlying this development. Apparently, large potentials exist to 'decouple' the use of ecosystem services from ecological impacts, for example by technological improvements. For avoiding rebound effects, however, strategies that aim at technological developments have to rely on integrated perspectives, aimed at optimizing production and consumption systems at the same time. Integrated indicator frameworks, such as the HANPP framework, can provide a useful starting point for such integrated analyses. Combinations of robust quantitative information with more qualitative information can so represent a valuable contribution to sustainability science (Kates et al. 2001; Ostrom 2007) .
